ABSTRACT It has been shown that honey bees (Apis mellifera L.) adsorb bacterial spores as a function of the electrostatic charge on the bee and concentration of bacteria in the aerosol during tethered ßight in wind tunnel experiments. This report presents a mathematical model for predicting the number of spores that could be adsorbed onto free-ßying bees passing through a bacterial spore aerosol plume/cloud and experimental validation of this model. The model accounts for the geometry of the aerosol dispersion from a continuous point source, aerosol particle settling, and adsorption and desorption rates onto/off of bees based on laboratory observations of tethered ßying honey bees.
HONEY BEES, Apis mellifera L., are electrostatically charged during ßight (Erikson 1975 , YesÕkov and Sapozhnikov 1976 , Colin et al. 1991 , and this charge is thought to be involved in pollen collection (Corbet et al. 1982) . It has been our hypothesis that a ßying bee will tend to collect any oppositely charged particulate material that they ßy through, including aerosolized bacterial spores. Tethered bees ßying in a wind tunnel adsorb aerosolized bacterial spores and the quantity of spores adsorbed is dependent on spore exposure and the electrostatic charge on the bee (Lighthart et al. 2000) .
If this adsorption can be reliably predicted on freeßying bees, then an aerosol concentration could be calculated based on the number of spores adsorbed onto a set of bees. The bee assay system could then make an effective tool for analyzing the bacterial population in the surrounding area. This has led us to develop a model to estimate the number of spores adsorbed by a bee ßying through a continuously generated plume of aerosolized bacterial spores. The purpose of this research was to determine if free-ßying bees adsorb aerosolized bacterial spores as they do in the laboratory and if so, if the model generates a reasonable estimate of the number of spores adsorbed by a bee.
Materials and Methods
Model. The model described here estimates the number of bacterial spores adsorbed onto a bee ßying perpendicularly through the axis of a plume of aerosolized bacterial spores. The plume is modeled on a Gaussian-type dispersion (Pasquill and Smith 1983) from a continuous point source (equation 1). An adjustment for the bee ßying perpendicular to the wind (thus increasing its ßight path length relative to ground distance covered) is included in the standard plume model by substituting y Parameter notation is presented in Table 1 .
To account for atmospheric turbulence, plume spread factors from Peterson and Lighthart (1977 ;  Table 2 ) were used. This yields an increasingly wider and more diffuse plume as one moves farther downwind from the point source. A factor for gravitational settling of particles (s) is also included (equation 2), with a settling rate (0.00266 m/s; Mason 1971) based on an average particle size of 5 m.
Finally, there are factors for adsorption and desorption of spores during ßight. The spore adsorption factor (A , Table 1 ) is based on laboratory observations of tethered ßying bees (Lighthart et al. 2000, and unpublished data) . The quantity of spores adsorbed is dependent on the exposure (i.e., aerosol concentration [] and duration of exposure [y, the bees ßight path through the plume]) and on the electrostatic charge (K) of the bee. The bee scavenging volume (V) describes a virtual tube through which the bee ßies. The radius of the tube is 1 cm (the average length of a beeÕs wing) around an axis of the beeÕs ßight path. All spores within this virtual tubeÕs volume are assumed to be inßuenced by the beeÕs electrostatic charge and could be adsorbed. The spore desorption rate (D) is based on laboratory observations of tracer particles on bees (Philip Rodacy, Sandia National Laboratories, Albuquerque, NM, personal communication). The number of spores desorbed in each meter of ßight is a function of the spores adsorbed up to that point minus spores desorbed. The model formula is integrated over the beeÕs ßight path, which crosses perpendicularly through the plume (i.e., constant x, z) on the way to a target. To calculate the number of spores in a test sample (S), the result is multiplied by the percentage of the adsorbed spores collected (C) and the number of bees in the sample group (B) (equation 3). The percent of adsorbed spores recovered from a bee (C) is dependent on the collection method.
In outdoor tests, bees will be trained to ßy across an aerosol plume to a feeder target where they can be captured (Fig. 1) . For the following greenhouse scenario, the bees were exposed to a laminar ßow of uniform aerosol. The equation can therefore be simpliÞed by removing the plume spread factors and the settling factor because the aerosol is uniform in the greenhouse, and any settled particles would not have registered in the air samplers or on the particle counter used to measure spore exposure. Bee ßight distances through the aerosol were estimated from measured ßight times and an average ßight speed.
Model Validation. To test the model, experiments were performed on two consecutive days on freeßying bees in a 4.5 by 20 by 2.5-m sealed plastic enclosure inside a commercial-type greenhouse maintained at 30 Ð 40ЊC. The enclosure had air Þlters installed in the middle of each end (Fig. 2) . The Þrst 2 m of the enclosure was used as an aerosol mixing chamber. This chamber was separated from the rest of the enclosure by two curtains of perforated (7.5-cmdiameter holes 30 cm apart) plastic sheeting separated from each other by 1 m. A large fan blew recirculating air through the upwind Þlters, through the mixing chamber and the main experimental area, and out through the Þlters at the far end of the enclosure. A Bacillus subtilis variety niger (obtained from the U.S. Army, Dugway Proving Ground, Dugway, UT) spore aerosol was generated from a spore suspension using two Collison nebulizers (BGI, Waltham, MA) operating at 20 psi with medically clean compressed air. The aerosol was turbulently distributed throughout the mixing chamber using two opposing box fans. This produced a uniform aerosol that was blown through the perforated curtains to produce a quasi-laminar ßow of aerosolized spores through the experimental area at a speed of 0.1 m/s.
A three-dimensional array of Þve cyclone-type airborne bacterial samplers (The Glassblowers, Turnersville, NJ) and one Met-One laser particle counter (PaciÞc ScientiÞc Instruments, Grants Pass, OR) was set up to monitor aerosol distribution and dynamics (Fig. 2) . Two shop-vacs (Craftsman, Sears Roebuck, Hoffman Estates, IL) powered the airßow through the Þve cyclone samplers and were located at the far downwind end of the sealed area and separated from the rest of the enclosure by another perforated plastic curtain. Air ßow control gates in the vacuum tubing to each sampler were adjusted to draw 500 liters air per minute through each sampler. The laser particle counter was located near the center of the room and was controlled by a computer located outside the enclosure.
A set of eight small bee hives was located inside the enclosure against the middle of one long wall directly opposite two feeding stations. The bee feeding stations were spaced Ϸ2 m apart and each station contained both a sugar syrup (2:1 sucrose:water) feeder and a dish of pollen (local supplier). Upon generation of the Fig. 1 . A beeÕs ßight path across an aerosol plume in the model scenario. The bee has been trained to a feeder station (attractant) and ßies from the hive through the aerosol plume to the feeder, where it is captured. Fig. 2 . Greenhouse arrangement for testing adsorption of aerosolized bacterial spores onto free-ßying honey bees. Aerosol was generated and turbulently mixed by the conßuence of three fans in a mixing chamber (left) and blown through two perforated plastic curtains, creating a laminar ßow of uniform aerosol. Bee hives were sealed at the start of the experiment, and bees outside the hives were allowed to ßy randomly throughout the aerosol-Þlled chamber until they returned to their hives, where they were trapped. After each experiment, the hives were reopened and untrapped, exposed bees were allowed to reenter the hives. Not to scale. aerosol cloud each test day, the hives were sealed off and the bees that were already outside the hive were allowed to ßy until they returned to the hive, where they were captured individually in sterile screw-cap test tubes. Each tube was labeled with the collection time, which corresponded to aerosol exposure time. A control set of bees was collected before the experiment each day.
To assay the number of spores adsorbed, each bee was sonicated in 10 ml sterile distilled water. The rinse solution was placed in a 70ЊC water bath for 10 min to kill vegetative bacteria, and was then vacuum Þltered through a 47-mm-diameter 0.45-m pore size membrane Þlter (Nalgene, Rochester, NY). The Þlter was placed spore side up onto a tryptic soy agar (Difco, Detroit, MI) plate containing 200 mg/liter cycloheximide (Sigma, St. Louis, MO) to inhibit fungal growth. The plates were incubated over night at 30ЊC and B. subtilis variety niger colonies were counted under a 20ϫ dissecting microscope. This method recovers Ϸ99% of the adsorbed spores on bees (for further assay details see Lighthart et al. 2000) .
Hive Recovery. Many more bees were exposed to the aerosol than were collected in these experiments. After each experiment, the hives were reopened and these exposed bees were allowed to enter, thus contaminating the hives. To determine the decontamination timeline of B. subtilis variety niger spores for a hiveÑthat is, the time it takes for the level of B. subtilis variety niger spores in a hive exposed to a concentrated aerosol to become reduced enough to allow detection of a new B. subtilis variety niger spore aerosol event Ñ bees were collected 1, 8, 15, 23, 33, 36, and 43 d after the experiments described here and assayed as above for spores.
Results
Model Output. The model predicts an increasing number of spores being adsorbed each meter as the bee approaches the axis of an aerosol plume, and a decreasing number per meter as the bee leaves the plume axis. The number of spores desorbed per meter increases as the number of spores on the bee increases. A graph illustrating the dynamics of the particle adsorption and desorption per meter of ßight through an aerosol plume for an average set of parameters, as well as the total particles on each bee, is presented in Fig.  3 .
Model Validation. Samples from all Þve cyclone air samplers contained similar quantities of spores (data not shown), indicating a uniform distribution of the aerosol throughout the enclosure. Particle counter data were used to calculate spore exposure, as it provided a dynamic, real-time measure of spore concentration in the air (Fig. 4) . The airborne spore concentration rose steadily during each experiment, then decreased after the nebulizers were turned off. The exposure of each bee was calculated individually by integrating the instantaneous concentration from the start of an experiment to the collection time of each bee. This method takes into account both the time the bees were in the aerosol and the concentration of the aerosol during that time.
Test bees adsorbed increasing quantities of spores with increased exposure to the aerosol (Fig. 5) , with an average of 2,135 spores per bee on the Þrst day of testing and an average of 3,201 spores per bee on the second day (Table 3) . This represents an average of Ϸ3% of the spores to which the bees were exposed. Control bees were collected before aerosol generation each day. On the Þrst day, these bees had no previous exposure to B. subtilis variety niger spores and the assay showed a total of six spores on 10 bees (Table 3) . These spores were assumed to be natural background species. On the second day, the control bees had been contaminated by the experiment the previous day. Nevertheless, these bees had very little residual contamination, with an average of 40.5 spores per bee on 20 bees.
Hive Recovery. After each experiment, exposed bees were allowed to reenter the hives, where they mingled with the uncontaminated bees that were sealed inside. From an average aerosol adsorption of Ϸ2,900 spores per bee in these experiments, the number of spores on individual bees diminished exponentially in two phasesÑrapidly over the Þrst day and then more slowly afterward (Fig. 6) . Bees had an average of only 40.5 spores per bee after 1 d and an average of 8.7 spores per bee after 1 wk. After 3 wk, the contamination level returned to preexposure levels.
Discussion
Honey bees adsorbed aerosolized bacterial spores as they ßew, both in wind tunnel tethered ßight experiments and in greenhouse free-ßight experiments. The mathematical model presented here, which was based on laboratory observations, reasonably predicted the number of spores that would be adsorbed by free-ßying bees.
It was not possible in these experiments to measure the electrostatic charge on individual free-ßying bees. However, in tethered-bee experiments (Lighthart et Table 3 . Spores recovered from bees collected at hive entrances before (control) and after flying through a spore aerosol on two consecutive days al. 2000) , the average charge on individuals was Ϸ45 pC. This is similar to the average charge seen on free-ßying bees as they return to the hive after foraging (Gerry Loper, USDA-ARS, Tucson, AZ, personal communication). The minimum charge observed on tethered bees was Ϸ10 pC and the maximum observed was Ϸ180 pC, with most bees having a charge between 20 and 100 pC. Calculating the number of spores expected to be adsorbed by bees in this charge range Þts very well to the observed minimum and maximum number of spores adsorbed by the bees in the greenhouse enclosure (Fig. 5) . Variation in electrostatic charge therefore could account for much of the variation in the quantity of spores adsorbed, particularly at the higher exposure levels. Variations in ßight path and/or landing site(s) could also account for some of the variation if some bees ßew faster than others or landed for a period.
It is tempting to omit spore desorption from the model, as it increases the complexity of the model considerably and desorbed spores are a very small fraction of the total adsorbed onto a bee. However, over long ßight distances desorption becomes a signiÞcant enough factor to merit inclusion, especially when there are long distances outside of the aerosol plume.
A problem in many monitoring systems is contamination: once a positive result is obtained, it is difÞcult or impossible to tell if future positive results are real or from residual contamination. In many cases, though, bee hives should mitigate this problem. Many of the spores that enter the hive might be initially removed by the grooming behavior of the bees. These loose spores could be ingested by the bees as part of the grooming process, immobilized in wax or propolis, which has been shown to have antibacterial and antifungal properties (Metzner et al. 1975 , Ghisalberti 1979 , Grange and Davey 1990 , or sealed into comb cells with pollen or honey. In addition to grooming, much of the initial rapid decrease in contamination (Fig. 6 ) may be due to a dilution of the spores over the population of the hive as contaminated bees interact with other bees inside the hive. We used small hives with Ϸ20,000 bees in each hive. If 300 Ð 400 contaminated bees entered each hive after the experiment, and the spores were distributed equally among all the bees in the hive over the following 24 h, an initial concentration of 2,000 spores per bee would be diluted to only 30 Ð 40 spores per bee.
Even after exposure to the high concentrations used in these experiments, contamination levels in the test hives returned to preexposure levels (Ͻ1 spore per bee) after only 3 wk. A similar time course would be expected in a normal Þeld situation, where exposed bees enter the hive instead of being trapped after ßying through a plume. If the hive was directly in the plume, there would be a higher initial contamination of many more bees and of course the hive itself, with a correspondingly longer recovery time.
Although only Ϸ3% of the exposure to each bee was adsorbed, this should allow detection of fairly low levels of any agent. The assay detects Ͼ99% of spores adsorbed onto a bee, so even one or two spores would be detected if the background was zero, representing a total exposure of as low as 30 Ð50 spores for the set of bees assayed.
Based on the results presented here, honey bees may make an effective tool for the detection of harmful bacterial spores in the atmosphere. Honey bees have a long foraging range, frequently up to 4 km, with signiÞcant populations ßying up to 6.5 km to rich forage sources (Gary et al. 1972) . Bees from hives placed in the desert have been observed to ßy as far as 13.7 km to reach a food source (Eckert 1933 ). This range, coupled with large numbers (8,000 Ð12,000 foraging bees in a strong hive), means the bees from a single hive can collect particles from a signiÞcant area/ volume of air. Thus, the honey bee system shows potential for applications such as detecting the presence and location of environmental indicator microorganisms and plant pathogens. In the latter case, bees pollinating crop plants may pick up pathogens from the plants themselves, as well as from the air around them, increasing their effectiveness as a collection and detection tool. Finally, the honey bee system may have potential as an early detector of biological warfare or bioterrorism agents before the appearance of disease symptoms.
Future work will involve testing bees ßying through an actual aerosol plume, with a feeder/trap setup as depicted in Fig. 1 . We will also investigate the lower limits of aerosol concentrations that are detectable with this method. Fig. 6 . Residual spores per bee in hives after exposure to a concentrated spore aerosol (log scale). The quantity of spores per bee decreased exponentially. n ϭ 30 for each point except day 15, n ϭ 27, and day 36, n ϭ 25.
